The purpose of this report is to describe the results of the numerical computation of transonic flow over an ogive-cylinder-boattail projectile with a simulated rotating band.
These computations are compared with the experimental data of Miller.^ The experimental results obtained with the rotating band are also summarized.
B. Background
The rotating band is added to an artillery shell in order to impart stabilizing spin to the shell during launch.
After launching, the surface protuberance of the band adds unwanted drag and can, through changes to the flow field, cause other effects on the aerodynamic characteristics. The transonic region is particularly important because most aerodynamic variables (drag, pitching moment, side force and Magnus moment) are usually at their maximum in this speed range and thus they are most sensitive to changes in configuration. A review has been made in Reference 2 of published information on rotating band aerodynamics and of some related data on protuberances and steps. It is concluded there that very little is understood about the magnitude of the effects caused by the addition of a rotating band in any speed range. For example. Figure 1 (which is taken from Reference 2) shows the considerable uncertainty regarding the rotating band drag. Although the band drag may only be of the order of 5 percent of the total drag of the projectile, the data cited in that figure show as much as a factor of two uncertainty in the rotating band drag coefficient at transonic speeds.
The primary effect of flow disturbances caused by the rotating band is to increase the pressure ahead of the band. This is because of the turning of the viscous layer which is followed by a series of expansion regions as the flow turns to move over the band. The flow then recompresses as it returns to the basic shell surface.
This process is shown schematically in Figure 2 . Actually some of these turning processes are caused by local separation and recirculation regions in front of and behind the band.
These effects have been simulated in this work by introduction of ramp like surfaces ahead of and aft of the band in order to produce the strong pressure disturbances of the protuberance. If this can be shown to adequately reproduce the effects of the band, it would greatly simplfy the prediction of the aerodynamics of practical configurations.
The numerical solution technique employed here is the azimuthal-invariant unsteady, thin layer Navier-Stokes code which has been developed for application to projectile shapes by Nietubicz, Pulliam and Steger.^ The details of the equations used and of the method of obtaining solutions are described in the following sections along with the turbulence model employed.
II. EXPERIMENTAL DATA

A. Facilities and Test Conditions
The numerical results reported here are compared to the data obtained by Miller.^ The main emphasis of his work was the measurement of pressures on a spinning projectile configuration. However,the primary interest here is the nonspinning case so that comparison with the numerical calculation is possible. The tests were performed in the NASA Ames Research Center 14-Foot Transonic Wind Tunnel on the projectile configuration defined in Figure 3 .
The conditions of these tests were Mach number of 0.94, a Reynolds number of 4 X 10^ 1/Ft. and angle of attack of 0, 4, 10°. The ogive-cylinder-boattail model was instrumented with 20 pressure taps; however, only three of these were on the rotating band. Figure 4 shows the location of all the taps. Tests were performed with and without the rotating band.
B. Configuration of the Rotating Band
The rotating band model afterbody which was constructed for these tests is shown in Figure 5 . The dimensions were based on measurements obtained from a M549, 155 mm shell which was recovered after being fired.
In this way the band was made to simulate the conditions in flight as accurately as possible. The crossection of the band is shown in Figure 5 . Of the three pressure taps two were located on the land and one in the groove of the band.
III. AZIMUTHAL-INVARIANT THIN-LAYER NAVIER-STOKES CODE
A. Navier-Stokes Equations
The form of the Navier-Stokes solution technique employed here is the code developed by Nietubicz, et 
where R is the radius of the body and (j) is a constant of proportionality between the circumferential angle and the transformed coordinate direction. 
where k^ and y are the eddy conductivity and eddy viscosity, respectively. Inherent in this form of the equations is the assumption of a Bousinesq formula for the time average Reynolds stresses.
The thin layer approximation has been applied after the transformation to body oriented coordinates so that only derivatives with respect to the "near" normal to the body coordinate (c) have been retained in the viscous terms. 
a^ = YRT where the turbulent kinetic energy has been neglected relative to the mean flow kinetic energy.
In the present non-spinning application of these equations, the body surface boundary condition becomes the adiabatic, no-slip condition.
Problems caused by the singularity on the axis are avoided because the flux vectors there are zero by symmetry.
Extrapolated outflow conditions are applied at the far stream boundary which includes an extended sting in order to avoid computation of the separated near wake flow field.
The equations are actually solved as finite difference equations written in delta form.
An implicit approximate factorization scheme is employed.^ The algorithm is second order in space with integration of the unsteady equations proceeding until steady state is achieved.
B. Turbulence Model
A two-layer algebraic turbulence model was employed to determine p in these calculations. The model is due to Baldwin and Lomax.^ For an attached boundary layer, the model can be described by the following equations: 2. Outer layer ^t = ^^cp^We^leb (9) where f^^^^ = z^ax^max or C^^^Zn^ax U^F^ax ""^^'^^ ^^^' '"' smallest. The quantities Z[fiax ^"^ '^max ^'^^ determined from the function:
where F^g^ is the maximum value of F(z) and z^^gx ^^ ^^^ value of z at which it occurs. The function F|^igj,(z) is the Klebanoff intennittency factor given by: 
C. Computational Model of the Rotating Band
Although in principle the Navier-Stokes code in the form employed here is capable of computing thin regions of separated flow, the method is far from routine. Thus a model rotating band configuration was employed which provides attached flow over a protuberance to simulate the flow above the dividing streamline; however, it does not account for the slip boundary condition on that streamline. Figure 6 shows the mathematical form used to define the geometry.
The height of the band is h/D = 0.0131. The length of the quadratic ramps ahead of and behind the band are L = lOh which corresponds, in at least a rough way, with the extent of the separated region. This model for the band is identical to that used at supersonic speeds as discussed in Reference 2.
D. Grid Generation
A modular, general purpose grid generation routine as described in Reference 8 was used to obtain a smoothly varying computational mesh. This method allowed arbitrary body geometry and investigator selected clustering of points near the band and other critical points on the body.
Initial computations were performed using 90 longitudinal points on the model and 40 radial points. The number of points available on the rotating band was very limited which reduced the resolution in the region of rapidly varying flow. A new grid was selected, employing 125 points in the longitudinal direction with 100 on the 5.8 caliber model. Figure 7 shows an overall view of the grid system and Figure 8 shows a detail near the rotating band.
There are 18 points on the band with 4 points each on the forward and rear ramps.
For the ogive nose region an elliptic grid generator has been employed. Straight lines normal to the axis of symmetry were used on the cylinder, rotating band and afterbody.
An exponential stretching of points away from the model was used with the minimum spacing at the surface being 0.00002 diameter.
The computational domain extends not less than four body lengths in all directions.
The one-half caliber boattail was terminated at 5.8 calibers corresponding to the physical model length and a constant diameter sting was continued from that point to the downstream boundary of the computational domain.
IV. RESULT
The numerical solution for the flow over the projectile permits the investigation of many details of the flow field which help explain the relatively few results which are obtained experimentally. The experiment of Miller provides surface pressure data at 20 points, only five of which are in the vicinity of the rotating band.
On the other hand, the numerical solution is limited to a finite spacial resolution which affects the validity of the results. Thus the comparison of experimental and computational pressure distributions are used to establish the level of confidence in the computation. The examination of the various aspects of the numerical solution, e.g. Mach number contours, skin friction coefficients and velocity profiles gives understanding of the physical processes involved.
A. Pressure Coefficient Distribution
Figures 9 and 10 show the comparison of the numerical and experimental surface pressure coefficient distributions obtained at Mach number 0.94 with and without the rotating band. Figure 9 shows the comparison on the projectile without the band which indicates the overall capability of the numerical technique to predict the pressures. Behind the band, on the ramp of the numerical model, the computation predicts an extremely sharp expansion with a minimum Cp of about -0.65, followed by a recompression to a pressure corresponding to that observed ahead of the boattail without the band. The two pressure taps located in the region are slightly higher than that obtained numerically but of generally the correct level. From the start of the boattail at 5.3 calibers, the pressure distribution is somewhat more negative with the band than that obtained without it (see Figure 9 ).
The quality of agreement between theory and experiment is essentially the same for both configurations.
The total model length is 5.8 calibers and the relatively poor agreement of the last few points may be attributed to the sting like numerical model which is not a good representation of the base region flow field.
The comparison between computation and experiment in the case without the rotating band ( Figure 9 ) shows generally good agreement with some discrepancy in the recompression region downstream of the ogive-cylinder junction and on the boattail. These discrepancies, of the order of 8 percent in pressure are probably due to grid resolution of the expansion and subsequent shock wave. An overall improvement in the representation of these regions was obtained by increasing the number of longitudinal grid points from 90 to 125. The region near the base is poorly predicted again because of the sting model.
As a general conclusion it may be said that the experimental pressure distribution is fairly accurately described by the numerical model with some qualifications in regions of minimum pressure. Unfortunately no pressure taps were located in the expansion region just behind the rotating band so that no conclusion regarding the adequacy of the flow field modeling in that location is possible. Figure 11 shows the calculated Mach contours for the rotating band case. The supersonic pockets just after the ogive-cylinder junction and behind the rotating band-start of the boattail are clearly evident.
B. Mach Contours
Both of these regions are terminated by shock waves of comparible strength. Apparently, the subsonic compression region ahead of the band involves relatively small increases in Mach number and pressure as compared to the effect of the same surface change in supersonic flow.^'^ The recompression just downstream of the rotating band, apparent from the pressure distribution, does not show up as a shock wave or as a pocket of significantly decreased Mach number.
The Mach number appears to remain supersonic throughout the region until the boattail recompression shock wave just ahead of the base. Figure 12 shows the skin friction distribution obtained from the numerical solution.
C. Skin Friction Coefficient
Five major spikes are observed related to five regions of high pressure expansion.
1. Near x/D = 0.0; this is the expansion created by the hemispherical nose cap-ogive junction which forms the numerical approximation to the blunt nosed projectile.
2. x/D = 3; the junction of the ogive and cylinder.
3. x/D = 4.9; at the leading edge of the top of the rotating band. The local minimum ahead of this peak is attributable to the compression ramp of the model band.
4. x/D = 5.1; the rear of the band which is followed by a minimum due to the recompression on the ramp and the short downstream cylindrical element.
5. x/D = 5.3; the expansion at the boattail junction.
One significant unexpected result is the negative skin friction obtained on the boattail which suggests separated flow at the boattail shock wave. The configuration without the rotating band shows a very low C^ in this region but no negative values. This shows the potentially important downstream effect of the rotating band which could cause some change in the boattail drag and could explain why the rotating band minimum pressure in this region is lower than the corresponding value for the no rotating band case.
However, since the experimental pressure distribution does not agree with the prediction, it is uncertain whether or not separation is induced by the band in the experiment.
D. Velocity Profiles
Although the numerical model of the rotating band is not physically correct because it does not properly describe the separated flow regions near the surface, the strong pressure gradients provide a severe test of the turbulence model. Figures 13 and 14 Consistent with the Mach number contour plots, the regions away from the surface show an almost monotonic increase in velocity as the flow moves over the rotating band. The boundary layer becomes thinner in the expansion regions with strong overshoots in velocity near the edge of the layer.
E. Effect of Rotating Band on Overall Aerodynamic Characteristics
The previous sections have described the insight gained from the flow field computation at zero angle of attack and zero spin rate. It is particularly desirable to consider the effect of the rotating band on overall aerodynamic parameters which determine the shell performance.
Although the calculations have not been performed at angle of attack or with spin it is possible to use the zero angle of attack calculations to help explain the experimental results obtained from the NASA Ames tests. Table 1 provides a summary of the integrated data obtained with and without the rotating band. Four properties are considered: normal force, pitching moment, side force, and Magnus moment all in terms of nondimensional coefficients.
These data were obtained by integrating the measured pressure distributions and are broken down in terms of the contribution from the ogive nose, the cylindrical centerbody and the afterbody.
The rotating band pressure distribution is included in the cylindrical contribution.
The normal force and pitching moment are considered to show the effects of angle of attack and that spin has only a higher order effect on these characteristics. On the other hand, the side force and moment are essentially asymmetric effects created by the spin of the projectile at angle of attack. Figure 15 defines the coordinate system employed with these forces and moments.
lNormal Force and Moment. The computed pressure distribution at zero angle of attack shows that the pressure increases ahead of the band and decreases behind in roughly the same amount so that relatively little direct effect is anticipated on normal force. However, the negative pressure coefficient region is considerably reduced and thus the asymmetries at angle of attack which give rise to the negative boattail lift are also reduced. This is born out by the data in Table 1 .
The decrease in negative lift on the boattail in the amount of 20 percent produces an overall increase in the C, N a of about 3.6 percent for this configuration. The moment coefficient is affected in a similar amount but opposite sign. Thus a decrease in the negative lift of the boattail results in a decrease in the de-stabilizing moment in the net amount of 4.6 percent.
2. Magnus Force and Moment. Magnus effects may be expected to be sensitive to large gradients in the surface pressure distribution as well as the magnitude of the pressures.
The addition, the rotating band creates very severe pressure gradients with the result that the side force on the cylinder is significantly increased. However, the decrease in pressure on the boattail produces a compensating effect on the afterbody so that the overall change in side force is of the order of 1.7 percent. On the other hand, the location of these forces produces a significant 13.5 percent decrease in the overall Magnus moment coefficient.
As an additional check on these experimental results, the data are compared in Table 2 with the data reported by Platou and Nielsen in Reference 9. The Cy and C^ results from integrating the pressure distribution are in excellent agreement with those obtained from direct wind tunnel force and moment balance tests.
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3. Rotating Band Drag Coefficient. Under the assumption that the numerical prediction of the pressure distribution is at least approximately correct despite the limitations in the model, it is possible to estimate the drag of the band itself by assuming that the maximum pressure acts on the forward face of the band and that the minimum pressure acts on the rear face.
Thus the change in the drag coefficient due to the band is: The numerical technique is essentially that developed by Nietubicz, et al^ which includes the Baldwin-Lomax turbulence model.
In order to avoid computing separated flow regions ahead of and behind the rotating band, the recirculating regions were simulated by quadratic ramps of length equal to 10 band heights before and behind the actual bands.
The presence of the band produces a significant change in the pressure distribution with a high pressure region on the upstream ramp. This is followed by an extremely short expansion zone where the pressure falls to a level corresponding to supersonic flow on top of the band. The resulting pressure agrees with those obtained experimentally although the computation did not include the details of the lands and grooves of the experimental rotating band configuration.
The pressure tap locations in the experiment were not placed so as to confirm or contradict the existence of a second sharp expansion which occurs just downstream of the rotating band.
The numerical prediction shows a drop in pressure coefficient immediately behind the band, followed by a recompression on the aft ramp to about the same level as on top of the band and consistent with the pressure obtained just ahead of the cylinder-boattail junction without the band.
The pressure on the boattail appears to be only slightly modified, but small changes can have significant effects on the projectile drag.
The boattail contributes an important fraction of the total drag at transonic speeds.
The reason for the decreased pressure on the boattail is attributed to flow separation at the boattail shock wave.
This separation region is observed in the skin friction distribution which is not observed in the calculations without the band.
The experimental results regarding the overall aerodynamic coefficients of the shell can be interpreted by considering the numerical solution even though the current numerical results apply only to zero angle of attack and zero spin.
The change in boattail pressure distribution because of the rotating band induced separation, results in slightly increased normal force coefficients at angle of attack and a decrease in pitching moment. This is consistent with a reduced negative lift on the boattail attributed to separation.
The band induced change in the side force is negligible but this is due to a compensating decrease in boattail contribution matching an increase on the cylinder because of the rotating band. The Magnus moment is the most significantly affected quantity.
The experimental data indicate a 13.5 percent decrease because of the band.
The numerical pressure data were used to estimate the change in drag coefficient caused by the rotating band. The estimated CQ is increased by slightly less than 7 percent due to the pressure acting directly on the band. The decreased pressure on the boattail also increases the drag by about 2 percent so that the total increase in drag is 9 percent under the conditions considered in this report. 
